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VKRZQ LQ)LJD >@(5 LV D ILOOHUPDWHULDOZLWK &U1L DQG0R XVHG IRU KLJK WHPSHUDWXUH




,*&$5RQ GLVVLPLODUPHWDOZHOGV EHWZHHQ &U0R IHUULWLF VWHHO DQG$,6, W\SH  VWDLQOHVV VWHHOZLWK DQG
ZLWKRXW ,QFRQHO EXWWHULQJ XVLQJ WKH QRQGHVWUXFWLYH ;UD\ GLIIUDFWLRQ ;5' WHFKQLTXH DQG WR DVVHVV WKH
HIIHFWLYHQHVV RI WKH EXWWHULQJ RQ WKH H[WHQW RI UHGXFWLRQ LQ WKH UHVLGXDO VWUHVV >@ 9DULRXV HDUOLHU VWXGLHV WKDW
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(% ZHOGLQJ WR GLVVLPLODU PHWDOV LV SURYLGHG E\ 6XQ DQG .DUSSL >@ ,Q WKLV UHVHDUFK WKH ZHOGHG MRLQWV ZHUH
FKDUDFWHULVHGXVLQJQHXWURQGLIIUDFWLRQH[SHULPHQWDQGILQLWHHOHPHQWDQDO\VLV2QHRI WKHSULPDU\LQWHUHVWVRI WKH
H[SHULPHQWZDVWRREWDLQWKHYDULDWLRQRIWKHUHVLGXDOVWUHVVHVWKURXJKWKHWKLFNQHVVRIWKHSODWHDWWKHFHQWUHRIWKH
ZHOG WR GHWHUPLQH WKH PDJQLWXGH RI WKH LQWHUSKDVH VWUHVVHV DQG XQGHUVWDQG WKH LQIOXHQFH RI WKHVH RQ WKH MRLQW
SHUIRUPDQFH7KHVHVWUHVVHVFDQSOD\DQLPSRUWDQWUROHLQORFDOLVHGIDLOXUHDULVLQJIURPPLFURVWUXFWXUDOYDULDWLRQV
$QRWKHULPSRUWDQWDVSHFWLVWRHVWDEOLVKWKHVLJQLILFDQFHRIPDUWHQVLWLFSKDVHWUDQVIRUPDWLRQUHODWHGYROXPHFKDQJH





$,6, /1 DXVWHQLWLF VWDLQOHVV VWHHO XVLQJ HOHFWURQ EHDP ZHOGLQJ 7KH GLPHQVLRQV RI WKH ZHOGHG SODWH ZHUH




DGGLWLRQ RI DQ\ ILOOHU PDWHULDO $ EHDP FXUUHQW RI P$ DQG D JXQ YROWDJH RI  N9 ZHUH XVHG IRU WKH IXOO
SHQHWUDWLRQZHOGLQJ7KHVSHHGRIWKHZHOGLQJJXQZDVPPPLQ,QRUGHUWRIDFLOLWDWHWKHZHOGLQJSURFHVVDQG
UHWDLQWKHZHOGSODWHVLQSRVLWLRQDVVKRZQLQ)LJDWDFNZHOGVZHUHODLGDORQJWKHZHOGVHDPLQWKHGLUHFWLRQRI
ZHOGLQJXVLQJ(%ZHOGLQJDQG WKURXJKWKHWKLFNQHVVRI WKHSODWHDW WKHVWDUWHQGRI WKHZHOGXVLQJ7,*ZHOGLQJ
$OVRWKHMRLQLQJHGJHVZHUHPHOWHGXSWRDGHSWKRIPPSULRUWRIXOOSHQHWUDWLRQZHOGLQJWRKROGWKHSODWHVLQ
SODFH3UHKHDWLQJZDVGRQHRQWKHPRGLILHG3VWHHOVLGHWRFRPSHQVDWHIRUWKHGLIIHUHQWLDOWKHUPDOFRQGXFWLYLWLHV
RIERWK WKHPHWDOV$,6,/1VWDLQOHVV VWHHO KDV D ORZHU WKHUPDO FRQGXFWLYLW\ WKDQ WKDWRIPRGLILHG3 VWHHO






$SSOHWRQ/DERUDWRU\ RQ WKH GLVVLPLODUPHWDO MRLQW WRREWDLQ UHVLGXDO VWUDLQV DQG WKHUHE\ VWUHVVHV3XOVHG VRXUFHV
VXFK DV WKH RQH DW ,6,6 SURGXFHV GLIIUDFWLRQ SDWWHUQ RYHU D UDQJH RI JUDLQ IDPLOLHV RULHQWHG DORQJ YDULRXV
FU\VWDOORJUDSKLFSODQHVDQGSHUPLWWHGWKHUHVLGXDOVWUHVVVWUDLQVWDWHDWDPLFUROHYHOEHWZHHQWKHWZRSKDVHVWREH
PHDVXUHG > @ 7KH SODWHV ZHUH PHDVXUHG LQ WKH DVZHOGHG FRQGLWLRQ0HDVXUHPHQWV ZHUH PDGH DORQJ WZR
GLIIHUHQWOLQHVLDFURVVWKHZHOGDWWKHFHQWUHRIWKHSODWHDWDGHSWKRIPPIURPWKHWRSVXUIDFHDQGLLWKURXJK
WKH WKLFNQHVV RI WKH SODWH DW WKHZHOG FHQWUH2ZLQJ WR WKH YHU\ QDUURZ GLPHQVLRQV RI WKH IXVLRQ ]RQH DQG KHDW
DIIHFWHG]RQH +$= LQ WKHVDPSOHD VPDOOJDXJHYROXPHRIPP[PP[PPZDVXVHG WRFDSWXUH WKH VWHHS
JUDGLHQWVRIVWUHVVIRU WKHPHDVXUHPHQWVRI ODWWLFHFRQVWDQWDORQJ WKHZHOGORQJLWXGLQDO+RZHYHUEDVHGRQ WKH
DVVXPSWLRQ WKDW WKHUHZDV OLPLWHGYDULDWLRQ LQ WKH ORQJLWXGLQDOVWUDLQDORQJ WKHZHOGVHDP WKHJDXJHYROXPHZDV






ZHOG WKH SRLQWV ZHUH DOPRVW PP WR PP DSDUW RQ HLWKHU VLGH RI WKH IXVLRQ OLQH )RU WKURXJK WKLFNQHVV
PHDVXUHPHQWVWKHSRLQWVZHUHVHOHFWHGDWGHSWKLQFUHPHQWVRIPPIURPWKHWRSVXUIDFH,QRUGHUWRPHDVXUHWKH
ODWWLFHVSDFLQJLQDVWUHVVIUHHVWDWH WZRGLIIHUHQWGVDPSOHVZHUHPDFKLQHGIURPWKHZHOGHGSODWH$PPWKLFN

























GLIIHUHQW IDPLOLHV RI JUDLQV DQG 3DZOH\5LHWYHOG UHILQHPHQW ZDV XVHG WR ILW WKH GLIIUDFWLRQ SHDNV 'LUHFWLRQ DQG










 xxİ   
ZKHUHİxx LV WKHVWUDLQDORQJWKHGLUHFWLRQxaxa0xDUH WKHODWWLFHFRQVWDQWPHDVXUHGLQ WKHVWUHVVHGDQGVWUHVVIUHH
VDPSOHLQWKHGLUHFWLRQx7KHVWUHVVHVZHUHFDOFXODWHGXVLQJ>@




   « » « »¬ ¼
ij xx xx yy zzı İ İ İ İ   
ZKHUHELVWKH<RXQJ¶VPRGXOXVDQGȞLVWKH3RLVVRQ¶VUDWLR7KHYDOXHRI<RXQJ¶VPRGXOXVZDVDVVXPHGWREH




$QXPHULFDO DQDO\VLVZDVFRQGXFWHGRQ WKH'FURVVVHFWLRQDOSODQHDWPLGWKLFNQHVV WR VLPXODWH WKHHOHFWURQ
EHDPZHOGLQJ RI WKH GLVVLPLODU PHWDO SODWHV DQG SUHGLFW WKH UHVLGXDO VWUHVVHV DQG VWUDLQV XVLQJ $%$486 ILQLWH
HOHPHQWFRGH$VWKHZHOGLQJVSHHGZDVKLJKWKHFHQWUHRIWKHSODWHZDVDVVXPHGWREHDWDVWHDG\VWDWHFRQGLWLRQ
XQDIIHFWHGE\WKHWUDQVLHQWHIIHFWVRIZHOGLQJWKHUHIRUHLWZDVDVVXPHGWKDWD'PRGHORIWKHFURVVVHFWLRQDWWKH
FHQWUHRI WKHSODWHSUHGLFWHG WKH WKHUPDOKLVWRU\DQGZHOG UHVLGXDO VWUHVVHVZLWK VXIILFLHQW DFFXUDF\ >±@7KH
ZHOGLQJVLPXODWLRQZDVFDUULHGRXW LQVWDJHVXVLQJVHTXHQWLDOO\FRXSOHG WKHUPDODQGPHFKDQLFDODQDO\VHV)LUVW











WKH ZHOGLQJ SURFHVV ZHUH QHJOHFWHG LQ WKH DQDO\VLV 7KH WKHUPDO DQDO\VLV ZDV FRQGXFWHG XVLQJ EORFN GXPSHG
DSSURDFK >  @ 7KH YROXPHWULF KHDW IOX[ DSSOLHG WR WKHZHOG HOHPHQWVZHUH FDOFXODWHG IURP WKHZHOGLQJ
SDUDPHWHUVZHOGSRROVL]HDQGWKHPHVKGLPHQVLRQV7KHZHOGHIILFLHQF\ZDVDVVXPHGWREH7KHKHDWIOX[
FRUUHVSRQGLQJ WR WKH IXOOSHQHWUDWLRQZHOGSDVVZDVDSSOLHGGXULQJ WKHKHDWLQJVWHS$IWHUZHOGLQJ WKHSODWHZDV
FRROHG WR  & 7KHQ WKH ZHOG HOHPHQWV ZHUH VXEMHFWHG WR DQRWKHU YROXPHWULF KHDW IOX[ FRUUHVSRQGLQJ WR WKH
FRVPHWLFSDVVUHVXOWLQJLQDGHSWKRISHQHWUDWLRQRIaPP7KHSODWHZDVVXEVHTXHQWO\FRROHGWR&7KHKHDW





IRU WKHSRUWLRQRI WKHSODWH WKDW FRUUHVSRQGV WR WKH3 VLGH7KHSKDVH WUDQVIRUPDWLRQZDV LPSOHPHQWHGXVLQJ D
XVHUVXEURXWLQH8(;3$17KHWKHUPDOH[SDQVLRQFRHIILFLHQWRI3VWHHOEHWZHHQWKHPDUWHQVLWHVWDUWWHPSHUDWXUH
a  & DQGPDUWHQVLWH ILQLVK WHPSHUDWXUH a  &ZDV FKDQJHG WR DFFRXQW IRU WKH FKDQJH LQ WKH YROXPH
GXULQJ WKH WUDQVIRUPDWLRQ 7KH WRWDO YROXPH FKDQJH DVVRFLDWHG ZLWK WKH WUDQVIRUPDWLRQ ZDV FRQVLGHUHG DV
PPPP >@ 7KH PDUWHQVLWLF IUDFWLRQ ZDV FDOFXODWHG IURP .RLVWLQHQ0DUEXUJHU UHODWLRQVKLS H[SODLQHG
HOVHZKHUH >  @ 7KH YROXPH FKDQJH DULVLQJ IURP DXVWHQLWLF WUDQVIRUPDWLRQ DQG WUDQVIRUPDWLRQ SODVWLFLW\
GXULQJSKDVHWUDQVIRUPDWLRQZHUHQHJOHFWHG7KHPHFKDQLFDODQDO\VLVZDVFRQGXFWHGDIWHUWKHWKHUPDODQDO\VLVDQG
WKHUHVLGXDOVWUHVVHVDQGVWUDLQVZHUHSUHGLFWHG7KHPDWHULDOKDUGHQLQJEHKDYLRXUZDVDVVXPHGWREHLVRWURSLFIRU









 ,W FDQEHVHHQ WKDW DW WKHZHOGFHQWUH WKH UHVXOWV LQGLFDWH WKHSUHVHQFHRIERWK WHQVLOH DQGFRPSUHVVLYHVWUDLQV
ZKLFKLVQRWSRVVLEOHDWDPDFURVWUHVV OHYHO7KLV LQGLFDWHGWKDW WKHGLIIUDFWLRQSDWWHUQDW WKHFHQWUHRI WKHSURILOH
KDGERWK IFF DQGEFFSKDVHV VXJJHVWLQJ D ORFDO VHJUHJDWLRQEHWZHHQ IFF DQGEFFSKDVHV LQ WKH IXVLRQ ]RQH7KH
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GLIIUDFWLRQSDWWHUQZDVUHSUHVHQWDWLYHRIWKHLQWHUSKDVHVWUDLQV>@6LQFHDQDUURZJDXJHYROXPHZDVXVHGIRU






















7KHUHVLGXDOVWUHVVSURILOHVGHWHUPLQHGXVLQJHTDFURVV WKHZHOGDQG WKURXJKWKH WKLFNQHVVRI WKHSODWHDUH
VKRZQLQ)LJDQGUHVSHFWLYHO\7KHSHDNWHQVLOHVWUHVVLQWKHORQJLWXGLQDOGLUHFWLRQZDV03DLQWKH+$=
UHJLRQRQWKH$,6,/1VWDLQOHVVVWHHOVLGH6XFKDKLJKPDJQLWXGHRIVWUHVVPD\KDYHUHVXOWHGIURPSDUWLDOILOOLQJ
RI WKH VDPSOLQJJDXJHYROXPHFUHDWLQJSVHXGR VWUDLQV$V WKHGVDPSOHVZHUH VPDOO WKHUHPLJKWEHRQO\SDUWLDO
ILOOLQJRIWKHJDXJHYROXPHUHVXOWLQJLQDFRUUHVSRQGLQJSHDNEURDGHQLQJRIWHQPLVLQWHUSUHWHGDVVWUDLQ$OVRWKH
GVSHFLPHQVZHUHH[WUDFWHGIURPUHJLRQVXQGHUWKHLQIOXHQFHRIWKHFRVPHWLFSDVVZKHUHDVWKHPHDVXUHPHQWVRQ
WKH VSHFLPHQ DUH PDGH LQ D UHJLRQ DZD\ IURP WKH LQIOXHQFH RI WKH FRVPHWLF SDVV 7KLV VXJJHVWV WKDW WKH
PLFURVWUXFWXUHRI WKHGVSHFLPHQVDQG WKHLU ODWWLFH VSDFLQJFRXOGEHFRQVLGHUDEO\GLIIHUHQW IURP WKDWRI WKHZHOG
VSHFLPHQ
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UHVXOWLQJ IURP WKH YROXPH FKDQJH DVVRFLDWHGZLWK WKH SKDVH WUDQVIRUPDWLRQ 7KLV VKRZV WKDW WKH SUHGLFWLRQV DUH
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UHDOO\ LQWHUSKDVHVWUHVVHV UDWKHU WKDQPDFURVWUHVVHV >@7KLV LV LQFRUUHODWLRQZLWK WKH UHVXOWV IURP WKHQHXWURQ
GLIIUDFWLRQH[SHULPHQW
7KH FRPSDULVRQ DFURVV WKH ZHOG DJUHHV YHU\ ZHOO LQ WKH UHJLRQV RXWVLGH WKH ZHOG IXVLRQ DQG +$= UHJLRQV
+RZHYHULQWKHZHOGIXVLRQDQG+$=UHJLRQVWKHUHDUHVLJQLILFDQWGLIIHUHQFHV7KLVFDQEHSDUWO\DWWULEXWHGWRWKH












WKH VWUHVV VWDWH EHWZHHQ WKH SKDVHV UDWKHU WKDQ WKH PDFURVWUHVV VWDWH 7KH PDJQLWXGHV RI WKHVH SKDVH
GHSHQGHQWVWUHVVHVZHUHFUHDWHGE\WKHYROXPHFKDQJHDULVLQJIURPWKHSKDVHWUDQVIRUPDWLRQLQ3VWHHO














:HZRXOG OLNH WR DFNQRZOHGJH WKH VXSSRUW SURYLGHG E\ ,*&$5 IRU WKH VDPSOHV DQG ,6,6 DW 2[IRUG IRU WKH
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>@ 7 -D\DNXPDU $ -RVHSK $6 5DPHVK DQG 1 0XUXJDQ )DLOXUH DQDO\VLV RI D GLVVLPLODU ZHOG MRLQW LQ D VWHDP JHQHUDWRU 3UDFWLFDO
0HWDOOXUJ\±
>@ +&HUMDN7KHUROHRIZHOGLQJLQWKHSRZHUJHQHUDWLRQLQGXVWU\VW,,:$QQXDO$VVHPEO\




>@ 953 *LOOHV DQG 0 )RQWDLQH :HOGLQJ UHVLGXDO VWUHVV HIIHFW RQ GLVVLPLODU PHWDO ZHOG MXQFWLRQ IUDFWXUH 3URFHHGLQJV RI WKH WK
,QWHUQDWLRQDO3UHVVXUH9HVVHO7HFKQRORJ\








>@ 6 .XPDU $ .XQGX .$ 9HQNDWD $ (YDQV -$ )UDQFLV . %KDQXPXUWK\ 3- %RXFKDUG &( 7UXPDQ DQG *. 'H\ 5HVLGXDO
VWUHVVHVLQODVHUZHOGHG$670$*UDGHVWHHOSODWHV0DWHULDOV6FLHQFH	(QJLQHHULQJ$±























>@ 67RULL6+DUMR<7RPDWRDQG7.DPL\DPD5HVLGXDO WKHUPDOSKDVHVVWUHVVHV LQĮ±Ȗ)H±&U±1LDOOR\VPHDVXUHGE\DQHXWURQ
GLIIUDFWLRQWLPHRIIOLJKWPHWKRG0DWHULDOV7UDQVDFWLRQV7KH-DSDQ,QVWLWXWHRI0HWDOV±
